Objective: We investigated the evolution of new multiple sclerosis (MS) lesions over time using frequency shifts of the magnetic resonance (MR) signal.
METHODS Standard protocol approvals, registrations, and patient consents. The protocol was approved by the Clinical Research Ethics Board of the University of British Columbia, and all subjects gave written informed consent in accord with the Declaration of Helsinki.
Subjects. Twenty subjects (table) with relapsing-remitting MS were scanned 7 times over 6 months at 1-month intervals, referred to as scans 0 to 6; herein, the term "month" is used to refer to scan times before (months 26 to 21), at (month 0), and after (months 1-6) gadolinium (Gd) enhancement. Data were acquired between November 2007 and March 2009. Demographic and clinical data are summarized in the table. Subject 10 was treated with natalizumab. Age-and sex-matched healthy controls received scans 0 and 6.
Data acquisition. Data were acquired on a Philips Achieva 3.0T system (Philips Healthcare, Andover, MA) using an 8-channel SENSE head coil. Fluid-attenuated inversion recovery (FLAIR) images were acquired for lesion detection (28 slices, slice thickness 5 5 mm, field of view [FOV] 5 240 3 191 3 140 mm 3 , matrix 5 256 3 203, repetition time [TR]/echo time [TE]/inversion time 5 11,000/125/ 2,800 milliseconds). Susceptibility-weighted data were acquired with a flow-compensated 3-dimensional gradient-echo method (FOV 5 240 3 166 3 64 mm 3 , acquisition matrix 5 480 3 231 3 32, acquisition voxel size 0.5 3 0.7 3 2 mm 3 , TR/TE 5 40/20 milliseconds, flip angle 5 19°, slice oversampling factor 5 1.28, acquisition time 5 4.55 minutes). 8 Then, Gd-enhanced, T1-weighted images were acquired (28 slices, slice thickness 5 5 mm, FOV 5 240 3 191 3 140 mm 3 , matrix 5 256 3 163, TR/TE 5 800/10 milliseconds, 5 minutes after the injection of Gd [0.1 mmol/kg body weight]). Image slices of all scans were parallel to the subcallosal line, with the center slice of the transverse MR phase experiment located just superior to the ventricles.
Data processing. The susceptibility-weighted images were reconstructed to a matrix of 560 3 560 3 64, resulting in a voxel size of 0.43 3 0.43 3 1 mm 3 . Magnitude and phase images were saved for further off-line processing. The phase images f were unwrapped and high-pass filtered using 2-dimensional homodyne filtering 9 and converted to maps of frequency shifts Dv relative to the Larmor frequency at 3 T (Dv [ppm] 5 f/[TE 3 v 0 ]; v 0 is the frequency at B 0 ). Venograms created by multiplying the magnitude images with a mask computed from the filtered phase images 10 were used for image registration because of their good image contrast compared with magnitude or phase. The transformations computed for the venograms were then applied to the corresponding magnitude and phase images. All phase, FLAIR, and Gd-DTPA-enhanced T1-weighted images were registered to the venogram 10 images of the phase scan of the first acquisition using FSL's FLIRT tool 11 
Regions of interest. Focal Gd-enhancing lesions were analyzed.
For enhancing spheres with a nonenhancing core (so-called ringenhancing lesions), the enhancing volume and the nonenhancing core were analyzed separately. The month of enhancement was defined as month 0. If enhancement was present in more than 1 month, the first month of enhancement was defined as month 0. Enhancing lesions appearing as focal hyperintensities with welldefined boundaries on the FLAIR images before month 0, so-called re-enhancing lesions, were excluded from the analysis to capture only new tissue damage. Enhancing lesions in areas that appeared as a diffusely hyperintense background with ill-defined boundaries before the month of enhancement were not excluded from the analysis. Regions of interest (ROIs) encompassing enhancing MS lesions were defined manually on one frequency map calculated from the last serial scan and the ROIs were projected onto all other months. For each lesion, the quality of image registration was evaluated visually and it was also confirmed that no ROI was larger than the lesion in any of the up to 7 scans. Representative ROIs were also drawn on the frequency maps in NAWM, DAWM, herein defined as nonfocal WM hyperintensities on FLAIR images with intensity intermediate between focal lesions and NAWM, in the cortical GM, and in lesion areas that appeared as T1 hypointensity for the duration of the study (black holes; 3-5 regions per subject). In healthy controls, regions equivalent to NAWM and DAWM were drawn in the same brain areas as in the subjects and are referred to as NWM (normal WM) and WM(D) (normal WM that corresponds to areas of DAWM in patients), respectively. Visible veins were not included in the regions to minimize the contribution from deoxygenated venous blood. For each ROI, the average frequency shift was computed.
Statistical analysis.
A linear mixed-effect model was implemented in R (lme4, 12 languageR 13 ) to incorporate the variables of different numbers of lesions and patients at each scan as well as a label for different tissue types. Sex, disease duration, age, and Expanded Disability Status Scale score were included as fixedeffect variables in the model.
RESULTS
Nine subjects had Gd-enhancing lesions on at least one time point. A total of 43 lesions enhanced in scans 0 to 6 during the course of the study. Three T2 lesions preexisted as focal areas of hyperintensity in FLAIR before Gd enhancement and were excluded, leaving 40 lesions for analysis. Nine Gd-enhancing lesions detected on scan 0 provided the longest follow-up at month 6, but there were no prelesion images available for analysis. At scans 0, 1, 2, 3, 4, 5, and 6, the numbers of enhancing lesions detected were 9, 7, 10, 4, 4, 4, and 2, respectively.
Nonenhancing tissue. The MR frequency of cortical GM, persistent T1 black holes, DAWM, NAWM, NWM, and WM(D) remained constant over the duration of 6 months ( figure 1A ). The average frequency shift was 0.0041 6 0.0002 ppm in cortical GM, 0.0023 6 0.0002 ppm in persistent T1 hypointensities, 20.0002 6 0.00004 ppm in DAWM, 20.00096 6 0.00005 ppm in NAWM, 20.00049 6 0.00004 ppm in NWM, and 20.00021 6 0.00007 ppm in WM(D). The frequency of each tissue type remained constant over time, i.e., no significant differences were found between scans (p . 0.2). The frequency shifts in persistent T1 hypointensities ranged from 20.0005 to 0.008 ppm between lesions (figure 1B). Whereas there was no significant difference between DAWM and WM(D), differences between all other tissues were significant for all months (p , 0.01).
Enhancing lesions. Figure 2 shows a representative enhancing lesion. Before enhancement, this particular lesion was not visible on the frequency map. At the time of enhancement, the frequency was slightly increased compared with the surrounding tissue and increased further during the first 2 months after enhancement. The average time course of frequency shifts computed from all 40 enhancing lesions (figure 3A) exhibited 3 important features. First, beginning at month 23, the MR frequency in MS lesions became significantly increased compared with the MR frequency in NAWM (p , 0.001). Second, a rapid increase (p , 0.001) in frequency happened in lesion tissue during the 8 weeks between 1 month before enhancement and 1 month after enhancement first appeared. Third, the frequency in lesions remained increased at approximately 3.5 3 10 23 ppm during months 2 to 6. Post hoc analysis of the intervals from months 26 to 21, months 21 to 2, and months 2 to 6 using a piecewise linear function showed a significant increase only between month 21 and 2. The changes in frequency in lesions from months 26 to 21 and months 2 to 6 can be described by positive and negative slopes, respectively. However, these trends did not reach significance. Three of the 40 lesions were ring-enhancing lesions ( figure 3B ). The core of these lesions followed the behavior shown in figure 3A , whereas the enhancing part did not exhibit the characteristic increase in frequency. Figure 4 shows the evolution of frequency shifts for all lesions. Some lesions exhibited a behavior quite different from the general trend shown in figure 3A , such as an increase in frequency more than 3 months before Gd enhancement, a decrease in frequency during the months before enhancement, or no change in frequency during the first 2 months after enhancement. Enhancing lesions that evolved into T1 hypointensities at month 5 and later (solid lines in figure 4 ) exhibited the typical behavior shown in figure 3A.
DISCUSSION Paramagnetic iron in damaged tissue has been proposed as a cause for MR frequency shifts in MS lesions. [14] [15] [16] However, a study in 32 samples from 13 human subjects found no iron within lesions or areas surrounding the lesions. 17 Also, there are no reports in the MR spectroscopy literature of an increase in spectral line width in MS lesions, which would be expected if iron was increased in MS lesions. However, a correspondence between MRI signs of increased iron (increased R2*, increased MR frequency) and activated microglia as well as increased iron content detected by Perls staining was found in the rims of leukocortical lesions 18 and WM lesions, 19 whereas other parts of lesions did not stain for iron. More recent research showed that MR frequency is affected by tissue microstructure 7 ; a change from anisotropic healthy WM into a structurally more isotropic lesion pattern increases the resonance frequency. Together with the axon, the wrapped myelin bilayers constitute an anisotropic structure. During demyelination, this structure becomes more isotropic as it is transformed into myelin debris and, if axonal degeneration occurs, also into axon debris. Myelin debris is known to persist for several months before it is completely removed by macrophages. 20 MR frequency is affected by demyelination as seen in a recent cuprizone-fed mouse study, 21 where demyelinated brain showed significantly reduced phase contrast between GM and WM. This is in agreement with work showing that the absence of myelin in the shiverer mouse leads to the disappearance of contrast between GM and WM. 22 Further support for the role of myelin Serial MRI of an MS lesion using frequency shift mapping and conventional MRI (A) Frequency shift maps of an enhancing lesion (indicated by red lines) between 1 month before enhancement (month 21) and 5 months after enhancement (month 5), as well as the Gd-enhancing scan, which defines scan 1 as month 0 for this particular lesion. The lesion was barely visible at months 21 and 0 and became increasingly hyperintense during the months after Gd enhancement. (B) Gd-enhanced scan, with the magnitude corresponding to the phase/frequency and the FLAIR images at all months. Note that in this case, the strongest enhancement occurred at month 1. The scale bar in panel A corresponds to 1 cm. FLAIR 5 fluid-attenuated inversion recovery; Gd 5 gadolinium; MS 5 multiple sclerosis.
was provided by a study in human neonates, showing that GM-WM phase contrast is reduced in the absence of myelin. 23 Recent work 24 in rodents at high field, correlating histology and phase contrast, suggested that most of the GM-WM contrast originates from myelin. Interestingly, GM-WM phase contrast remained unchanged after iron extraction in that study. Finally, it was shown that even small tissue changes due to MS may lead to substantially increased frequency. 25 These findings provide evidence that the magnetic properties of tissue structure and myelin have a significant influence on the MR frequency. The transition from healthy anisotropic WM to WM with reduced structural anisotropy due to the increase in tissue debris and the presence of various cells, such as macrophages, reactive astrocytes, and nonmacrophage inflammatory cells, and an expansion of the extracellular space would be sufficient to explain the frequency increase observed in MS lesions. Gd enhancement is the radiologic sign of an active lesion as it signifies breakdown of the blood-brain barrier. The absence of Gd enhancement does not necessarily mean that there is no blood-brain barrier breakdown, because the signal increase caused by Gd may be below the detection threshold. One finding of the present study was that MR frequency increased rapidly at the time of enhancement, relative to one or more months prior. Prelesional tissue changes have been detected using magnetization transfer (MT). 26 The underlying events that cause these imaging changes are unknown. However, we speculate that the increase in MR frequency is primarily attributable to demyelination, breakdown of tissue architecture, and the presence of macrophages rather than inflammation alone, because these frequency changes do not recover for at least 6 months after lesion development. This is longer than the time course for the normal resolution of inflammation-related edema. In contrast, MT ratio lesional changes often show partial recovery that typically starts 3 months after Gd enhancement. This in part reflects resolution of edema. 27, 28 In a serial study, 13 of 22 investigated Gd-enhancing lesions showed reduced MT ratio before enhancement. 29 We believe that the early frequency increase is mostly attributable to demyelination and the presence of lymphocytes, monocytes, and macrophages rather than axonal loss, which occurs later due to prolonged demyelination. This theory of early demyelination can be further explored in vivo with advanced MRI techniques, such as multiecho T2 relaxation, that are myelin specific. 30 Persistent demyelination and the presence of macrophages may in part explain the continued elevated resonance frequency after Gd enhancement resolves. However, axonal loss may also be a contributing factor. The variability between lesions (figure 4) suggests that frequency shifts have the sensitivity to capture lesion heterogeneity in terms of varying degrees of tissue damage that is otherwise missing from Note that not all lesions were captured with frequency mapping at every month. For instance, 36 instead of 40 lesions contribute to month 0. The gray line and light gray shaded line indicate mean frequency shift and average standard error in NAWM, respectively. There is a pronounced increase in MR frequency during the 2 months around Gd enhancement. Because the events during the month before Gd enhancement may be rather abrupt and nonlinear, a dashed line was used for this time period. Significant differences between MS lesions and NAWM were found beginning 3 months before the lesion appears and for all subsequent months. The frequency shifts showed a significant positive slope between months 21 and 2 (p , 0.0001) and no significant slopes between months 26 and 21 and months 2 and 6. Month 0 and all subsequent months were significantly different from all time points before lesion onset. (B) Ring-enhancing lesions.
The enhancing ring and the core of 3 ring-enhancing lesions were investigated separately. Whereas the cores exhibited a distinct frequency shift similar to focally enhancing lesions, no such evolution was observed for the enhancing ring. Note that the cores of the 3 ringenhancing lesions were included in the average shown in panel A. Gd 5 gadolinium; MR 5 magnetic resonance; MS 5 multiple sclerosis; NAWM 5 normal-appearing white matter.
conventional MRI measures. Interestingly, in the 3 ringenhancing lesions, only the nonenhancing core displayed positive frequency shifts, whereas the area of enhancement did not exhibit an increase in frequency. Future research is required to determine whether this behavior is a common feature of ring-enhancing lesions. The MR signal's frequency remained constant over the duration of the study in NAWM, DAWM, persistent T1 hypointensities, and cortical GM, without significant changes over time in any of these tissue types ( figure 1A) . That the frequency was increased in DAWM compared with NAWM and NWM may be explained by subtle structural changes. However, the control regions in healthy subjects have the same frequency shift as the DAWM regions defined in patients. One possible explanation for this discrepancy is that DAWM is found predominantly in periventricular areas, whereas NAWM regions often had to be drawn in areas closer to cortical GM. Differences in fiber orientation between these brain structures could account for these frequency differences. 7, 31 The frequency in persistent T1 hypointensities shows more variability between individual lesions and over time than NAWM and DAWM, which is expected from the heterogeneity of MS lesions (figure 1). In particular, some persistent T1 hypointensities may be transient black holes showing variable signs of demyelination, edema, or remyelination as well as variable degrees of axonal loss. 25, 32, 33 Moreover, phase contrast in lesions with extreme tissue destruction may disappear, which could explain the frequency shifts close to zero in several of the persistent T1 hypointensities ( figure 1B) . 25 This interpretation is in agreement with the fact that the frequency of cortical GM exceeds the average frequency of WM lesions later than 2 months after Gd enhancement, although GM has a smaller magnetic susceptibility of 3.50 3 10 23 ppm compared with 5.57 3 10 23 ppm in WM. 7 Only 6 enhancing lesions became persistent T1 hypointensities within the 6 months of the study. Although their pattern of frequency shifts follows the overall course displayed in figure 3A , the small number of lesions and the short duration after Gd enhancement do not allow for further conclusions.
This study has limitations. Lesions were only captured between 6 months pre-enhancement to 6 months postenhancement. The statistical power is lower at the beginning and end of the time interval ( figure 3A) . Following subjects over a longer period of time could show how long the offset in frequency seen 2 to 6 months after enhancement remains and how different lesions further evolve. Moreover, one would expect very old demyelinated lesion tissue, where all the macrophages are cleared, to show significant structural anisotropy, as it is a well-organized structure with nicely aligned axons (albeit without myelin sheaths) between which there are fibrillary astrocytes with elongated narrow processes. A larger subject population would allow for a differentiation between subgroups of lesions, such as lesions that show signs of remyelination and other features of lesion reversal, including resolution of edema and inflammation, 34 vs those that evolve into chronic black holes with greater axonal loss, matrix destruction, and more extracellular fluid 35 and that have a stronger correlation with disability than lesion volume on T2weighted scans. 36 Because Gd enhancement normally persists for approximately 3 to 4 weeks, 37 a study with a higher temporal resolution of 2 weeks, for instance, would shed more light on the impact of the findings in this study. Not all subjects in the present study had new MS lesions and the results are more dominated by the subjects who had large numbers of enhancing lesions.
Frequency mapping using MR phase imaging has some advantages. A whole-brain scan can be acquired in less than 10 minutes with a spatial resolution of 0.5 3 0.7 3 2 mm 3 (reconstructed to 0.43 3 0.43 3 1 mm 3 ), which is 30 times better than that of typical diffusion tensor imaging acquisition, for instance. The MR phase has a considerably higher signal-to-noise ratio than the magnitude. 38 However, the raw-phase data require postprocessing that needs to be standardized. Moreover, specificity of frequency images needs further validation. The investigation of the sources of phase contrast is an active area of research. Phase is quantitative, but the pathophysiologic significance is Condensed plot showing the temporal evolution of all enhancing multiple sclerosis lesions All lesions (focal and core of ring-enhancing lesions) contributing to the average in figure 3A are displayed. There is variability in frequency shifts between lesions. Note that some lesions reached frequency shift values up to 7 3 10 23 ppm, which is higher than the observed offset in cortical gray matter ( figure 1A) . Solid lines represent newly enhancing lesions that showed T1 hypointensity after 5 to 6 months.
not yet fully understood. However, this lack of understanding does not preclude clinical research, such as how lesion load on frequency shift maps reflects the clinical status of a person with MS. Future research will show whether frequency shifts can detect global changes in WM or GM typical of MS within the first 2 years. Therefore, MR frequency shift mapping may complement more conventional imaging techniques for the investigation of MS.
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